Stem cells are unique cell populations with the ability to undergo both self-renewal and differentiation. A wide variety of adult mammalian tissues harbors stem cells, yet "adult" stem cells may be capable of developing into only a limited number of cell types. In contrast, embryonic stem (ES) cells, derived from blastocyst-stage early mammalian embryos, have the ability to form any fully differentiated cell of the body. Human ES cells have a normal karyotype, maintain high telomerase activity, and exhibit remarkable long-term proliferative potential, providing the possibility for unlimited expansion in culture. Furthermore, they can differentiate into derivatives of all three embryonic germ layers when transferred to an in vivo environment. Data are now emerging that demonstrate human ES cells can initiate lineage-specific differentiation programs of many tissue and cell types in vitro. Based on this property, it is likely that human ES cells will provide a useful differentiation culture system to study the mechanisms underlying many facets of human development. Because they have the dual ability to proliferate indefinitely and differentiate into multiple tissue types, human ES cells could potentially provide an unlimited supply of tissue for human transplantation. Though human ES cell-based transplantation therapy holds great promise to successfully treat a variety of diseases (e.g., Parkinson's disease, diabetes, and heart failure) many barriers remain in the way of successful clinical trials.
INTRODUCTION
Stem cells have the ability to choose between prolonged self-renewal and differentiation. This fate choice is highly regulated by intrinsic signals and the external microenvironment, the elements of which are being rapidly elucidated [1] . Stem cells can be identified in many adult mammalian tissues. In some tissues, such as epithelia, blood, and germline, stem cells contribute to replenishment of cells lost through normal cellular senescence or injury. Stem cells may also be present in other adult organs, such as the brain and pancreas, which normally undergo very limited cellular regeneration or turnover.
Although stem cells in adult tissues may have more "plasticity" than originally thought, they typically form only a limited number of cell types. Stem cells of the early mammalian embryo, in contrast, have the potential to form any cell type. In the unmanipulated blastocyst-stage embryo, stem cells of the inner cell mass (ICM) promptly differentiate to generate primitive ectoderm, which ultimately differentiates during gastrulation into the three embryonic germ (EG) layers. When removed from their normal embryonic environment and cultured under appropriate conditions, ICM cells give rise to cells that proliferate and replace themselves indefinitely. Yet,
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Concise Review while in this undifferentiated state in culture, they maintain the developmental potential to form advanced derivatives of all three EG layers [2, 3] . ICM cells are the source cells from which pluripotent mouse, nonhuman primate, and human embryonic stem (ES) cells are generally derived, although there is evidence that mouse ES cells may be more closely related to primitive ectoderm [4] [5] [6] [7] [8] [9] .
The objective of this review is to describe the derivation and unique properties of human ES cells. Particular emphasis will be given to summarizing recent studies that focus on the potential of human ES cells for multilineage differentiation in vitro and in vivo. We will also outline key scientific questions that will need to be answered before the full therapeutic potential of human ES cells can be realized.
DERIVATION OF HUMAN ES CELLS
The origin of human ES cells from the pre-implantation embryo is the defining feature that distinguishes ES cell lines from other pluripotent human cell lines, namely human embryonal carcinoma (EC) cell and human EG cell lines [7, 8, 10, 11] . EC cell lines are pluripotent cell lines derived from the undifferentiated stem cell components of spontaneously arising germ cell tumors found occasionally in certain strains of mice and humans [12, 13] . Pluripotent EG cell lines have been derived from mouse and human primordial germ cells from the genital ridges of fetuses [11, 14] . Years before the isolation of human EG or ES cells, EC cell lines from both mouse and later human teratocarcinomas provided an important in vitro model of differentiation [15] .
Human ES cells have been derived from the ICM of blastocyst-stage embryos in essentially the same manner as rhesus monkey ES cells [6, 7] . Cleavage-stage human embryos, produced by in vitro fertilization for clinical purposes, are donated by individuals after informed consent. After embryos are grown to the blastocyst stage, the ICM is isolated and plated onto mitotically inactivated murine embryonic fibroblast (MEF) feeder layers in tissue culture (Fig. 1 ). The ICM cell outgrowths are propagated in the presence of serum, and colonies with the appropriate undifferentiated morphology are subsequently selected and expanded. After the initial derivation in serum, human ES cell lines can be maintained and propagated on feeder layers in medium containing serum alone or serum replacement medium and basic fibroblast growth factor (bFGF). Initially, human ES and EG cell lines were not clonally derived and so pluripotency could only be demonstrated for a population of cells. As such, the possibility existed that within a colony there were subpopulations of cells already committed to different lineages and no individual cell was capable of differentiating into derivatives of all three EG layers. Subsequently, clonally derived human ES cell lines, H9.1 and H9.2, were produced that retain all the properties of the parental ES cell line, including the ability to generate teratomas in vivo harboring derivatives of all three EG layers [16] .
PROPERTIES OF HUMAN ES CELLS
Human and nonhuman primate ES cells share a similar morphology that is distinct from human EG cells and mouse ES cells [4, 6, 7, 11] Paralleling these differences in cellular morphology, human ES cells differ from their murine counterparts with regard to cell-surface antigen phenotype. Like undifferentiated primate ES cells and human EC cells, human ES cells express stage-specific embryonic antigens 3 and 4 (SSEA-3 and SSEA-4), high molecular weight glycoproteins TRA-1-60 and TRA-1-81, and alkaline phosphatase [7, 17] . Undifferentiated mouse ES cells do not express SSEA-3 or SSEA-4, but do express the lactoseries glycolipid SSEA-1, which is not expressed in human ES cells, rhesus ES cells, or human EC cells [7, 17] . The functional significance of these antigens is unknown.
Human ES cells also differ from mouse ES cells in their in vitro culture requirements for undifferentiated growth. Mouse ES cells require leukemia inhibitory factor (LIF) for undifferentiated proliferation. In contrast, LIF alone is not sufficient to prevent differentiation of human ES cells in vitro [7, 18] . Instead, continued undifferentiated propagation of human ES cells currently require feeder layers and either the presence of serum or, if cultured in serum-free medium, bFGF [7, 16] . Under conditions of low cell density, human ES cell lines are more difficult to propagate in serum, with a cloning efficiency of approximately 0.25% [16] . In contrast, culture in both serum replacement medium and supplemental bFGF significantly increases the cloning efficiency over culture in serum alone [16] . Fibroblast feeder layers are currently required to prevent differentiation of human ES cells. How undifferentiated proliferation can be sustained in the absence of feeder cells is an area of active investigation. The critical factors produced by fibroblast feeder layers, which prevent differentiation of human ES cells, are entirely unknown. Further work is clearly needed to clarify the mechanisms involved in sustaining human ES cell proliferation, including specific receptor-ligand interactions, downstream signaling events, and cellular target molecules. Ultimately, it would be essential to establish feeder-independent culture conditions, which permit large-scale propagation of human ES cells in culture.
Human ES cells have demonstrated remarkably stable karyotypes. Human ES cell lines demonstrate normal XX and XY karyotypes, similar to ES cell lines from other species, but distinct from human EC lines derived from teratocarcinomas [7] . This characteristic makes human ES cells more relevant as a model for the study of developmental biology mechanisms and for derivation of differentiated cells for transplantation therapy.
Human ES cells express high levels of telomerase. The expression of telomerase, a ribonucleoprotein that adds telomere repeats to chromosome ends, thereby maintaining their length, is highly correlated with immortality in human cell lines [19] . Most diploid somatic cells do not express high levels of telomerase and enter replicative senescence after a finite proliferative life span in tissue culture, usually after 50-80 population doublings. Unique among normal somatic cells, some populations of adult stem cells (i.e., hematopoietic stem cells) in vivo also constituitively express telomerase [20, 21] ; however, telomerase activity is not sustained when cells are placed in culture. In contrast, cells of the early embryo have high telomerase activity levels [22, 23] . Likewise, human ES cell lines exhibit high telomerase activity levels even after more than 300 population doublings and passage for more than 1 year in culture [7, 16] . In summary, properties of cells of the early embryo, such as normal karyotype and high telomerase activity, are sustained for an extended period of time by human ES cell lines in culture. This unique property among human cell lines has important implications as a tool to study cellular senescence and mechanisms of stem cell renewal.
MULTILINEAGE DIFFERENTIATION IN VITRO
When removed from feeder layers and transferred to suspension culture, ES cells begin to differentiate into multicellular aggregates of differentiated and undifferentiated cells, termed embryoid bodies (EBs), which resemble early postimplantation embryos. Human EBs frequently progress through a series of stages beginning as simple, morula-like EBs eventually forming cavitated and cystic EBs between 7 and 14 days of post-differentiation development (Figs. 2A, B ) [24] . As for mouse and nonhuman primate ES cells, differentiation in vitro is consistently disorganized and frequently variable from one EB to another within the same culture. A more comprehensive understanding of the morphology of human EBs and the relationships among different cell types comprising these complex embryo-like structures may yield important new information on early inductive events in human development.
Human ES cells, like nonhuman primate ES cells, are able to differentiate into trophoblast in culture. Nonhuman primate ES cell lines spontaneously differentiate in vitro into extraembryonic endoderm lineages, including yolk sac, and into trophoblast, as evidenced by α-fetoprotein and chorionic gonadotropin (CG) mRNA synthesis, and bioactive CG production [6] . Similarly, human EBs synthesize α-fetoprotein transcripts and secrete α-fetoprotein and hCG into the culture medium [7] . Human ES cells, therefore, represent a useful model in which to study human placental development and function.
Mouse ES cell lines are able to differentiate in vitro into a variety of embryonic and adult cell types from all three EG layers. These include cardiomyocytes, hematopoietic progenitors, yolk sac, skeletal myocytes, smooth muscle cells, adipocytes, chondrocytes, endothelial cells, melanocytes, neurons, glia, pancreatic islet cells, and primitive endoderm Odorico, Kaufman, Thomson [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] . From these experiments it is clear that ES cells induced to differentiate in culture follow many of the critical developmental stages found in the normal embryo, and are ultimately able to generate post-mitotic terminally differentiated cell types depending on the particular growth factor conditions.
As a result of their ability to differentiate into many different cell types, ES cells have been recognized as a valuable model system for studying the mechanisms underlying lineage specification during the early stages of mammalian development [25, 40, 41] . For example, by comparing downstream gene expression profiles between null mutant and wild-type ES cells, one can dissect the complex network of transcription factor genes regulating tissue-specific gene expression [42] . Also, in vitro culture provides a unique setting enabling control of the extrinsic cytokine or growth factor environment to study how these factors influence cellular differentiation [28, 31, 43] . Furthermore, in vitro differentiation of ES cells transduced with gene trap vectors can be used to discover novel developmentally regulated genes that are important in tissuespecific differentiation programs [44] [45] [46] [47] . Thus, developmental pathways of cell lineages, which can be derived from ES cells, can be studied using this in vitro model system.
Recent studies demonstrate that human ES cells differentiating in culture are able to activate the expression of genes restricted to each of the three EG layers [18, 24, 43] . Human EBs derived from the human ES cell line, H9, transcribed genes for α-fetoprotein, neurofilament 68kDa subunit, ζ-globin, and α-cardiac actin marking primitive endoderm, neuroectoderm, and mesoderm derivatives [24] . Differentiating cells acquired morphologies characteristic of neurons and cardiomyocytes [18, 24] . We have also performed human ES cell in vitro differentiation experiments. We observed that during subsequent development of plated EBs, cultures showed a variety of different morphologies, including rhythmically contracting cardiomyocytes, pigmented and non-pigmented epithelial cells, and neural cells displaying an exuberant outgrowth of axons and dendrites (Figs. 2C, D) . Regions within the differentiated cultures also contained cells having a mesenchymal morphology.
Schuldiner et al. supplemented these data and showed that both undifferentiated human ES cells and differentiated EBs expressed receptors for a number of different soluble growth factors with established effects on developmental pathways in vivo [43] . Addition of each of these growth factors individually to the culture medium altered the expression profile of an array of tissue-restricted genes [43] . However, none of these growth factors directed differentiation exclusively to one particular cell type [43] . A better understanding of the epigenetic events regulating cell lineage commitment and differentiation should permit the focused use of soluble 196 Multilineage Differentiation from Human Embryonic Stem Cell Lines 
variety of differentiated cell types including C) neural cells (phase contrast, 40×), and D) pigmented and non-pigmented epithelial cells (phase contrast, 100×). After initial differentiation on S17 bone marrow stromal cells, and subsequent replating in methylcellulose-based media with hematopoietic growth factors, H1 cells can differentiate to E) BFU-E (darkfield phase contrast, 50×), F) colony-forming unit-granulocyte, macrophage (CFU-GM) (darkfield phase contrast, 100×), and CFU-M (not shown) colonies.
growth factors to achieve lineage-restricted differentiation of human ES cells.
In other studies using human ES cells, we have used a coculture method to promote hematopoietic differentiation. If human ES cells are allowed to differentiate on MEFs, hematopoietic colony-forming cells are not seen. In striking contrast, when the H1, H9, or clonal H1.1 human ES cell lines are co-cultured with irradiated mouse bone marrow stromal cells (S17 cells) in medium containing fetal bovine serum but no other exogenously added growth factors, they differentiate into a variety of cell types. The cell types derived under these conditions include cystic structures that resemble yolk sac, and cobblestone-type cells that are typical for hematopoietic precursors. CD34 + cells can be identified by flow cytometry, and reverse transcriptase-polymerase chain reaction (RT-PCR) analysis shows induction of hematopoietic transcription factors. When human ES cells differentiated on S17 cells are harvested and placed in a methylcellulose colony-forming assay, a variety of hematopoietic colonies can be identified. These include colonies of erythroid, macrophage, granulocyte, and megakaryocyte cells (Figs. 2E, F) . These data suggest that S17 bone marrow stromal cells either promote or support hematopoietic cell differentiation [48] .
Endoderm lineages, such as pancreas and liver, are morphologically less distinct and more difficult to discern in ES cell cultures than blood or cardiac cells. This is one of the factors that has inhibited their detection among ES cell progeny. Differentiated ES cell progeny are able to express some endoderm and pancreas-restricted genes. Rhesus and mouse ES cells are capable of activating pancreatic and endoderm genes both in vitro and in vivo [38, 49] . Preliminary human ES cell gene expression studies show that differentiated derivatives of human ES cells can be induced to express endoderm genes, including hepatocyte nuclear factor 3 beta, and pancreatic islet genes including insulin, somatostatin, and glucagon (JSO, unpublished observations). Likewise, Schuldiner et al. recently presented RT-PCR gene expression data showing that differentiated progeny of human ES cells activate transcription of a variety of endoderm, liver, and pancreas-restricted genes [43] . However, it remains to be determined whether the initiation of pancreatic islet differentiation, as evidenced by gene transcription, will progress through a full differentiation program and lead to phenotypically adult islet cell populations with physiologic insulin secretion, as has been derived from mouse ES cells. Collectively, these data suggest that human ES cells can activate embryonic gene expression programs in culture and begin to differentiate into derivatives of all three EG layers.
MULTILINEAGE DIFFERENTIATION IN VIVO
Although ES cells can differentiate to multiple embryonic and adult cell types in vitro, pattern formation or organogenesis does not occur to a significant degree. Differentiation in the context of an in vivo environment, such as following injection into a host blastocyst or implantation into mice, unveils the full developmental potential of undifferentiated ES cell lines [3] . In this context, many of the normal features of tissue architecture are reproduced. For example, epithelia exhibit polarity, are enveloped by a basement membrane, and are surrounded by mesenchyme; complex tissue structures such as hair follicles, teeth, and gut are also formed. Human ES cells injected into severe combined immunodeficient mice form benign teratomas, with advanced differentiated tissue types representing all three EG layers (Fig. 3) [7] . Easily identifiable differentiated cells in human ES cell teratomas include smooth muscle, striated muscle, bone, cartilage, fetal glomeruli, gut, respiratory epithelium, keratinizing squamous epithelium, hair, neural epithelium, and ganglia (Fig. 3) . Compared with human EC cell lines, human ES cell lines exhibit both more advanced and more consistent developmental potential. For example, the human EC cell line NTERA2 c1.D1 injected into immunocompromised mice forms teratocarcinomas containing simple tubular structures resembling primitive gut, neural rosettes, and tissue resembling neuropile [10] .
Embryonic inductive events and complex epithelial-mesenchymal interactions control the formation of organized tissue structures during normal embryogenesis. These events and interactions begin to occur in teratomas but are less pronounced during in vitro differentiation. Unfortunately, the precise inductive events regulating embryonic pattern formation are still being elucidated and cannot yet be reliably reproduced in vitro. Because in vivo differentiation of human ES cells is more complete than in vitro differentiation, it would be useful to explore means to extract the cells or tissue of interest from the heterogeneous mix of tissues comprising teratomas or to direct differentiation in vivo to a particular lineage. Possible methods of achieving this include: A) adding specific combinations of chemical morphogens or growth factors [43, 50] ; B) co-culturing or co-transplanting ES cells with inducer tissues or cells; C) implanting ES cells into specific organs or regions of animals; D) overexpressing tissue-specific homeobox transcription factor genes [51, 52] ; E) selecting cells that activate a particular lineage-specific gene expression program [38, 53, 54] , and/or F) isolating cells of interest based on fluorescenceactivated cell sorting [55, 56] . Some of these methods have been explored to enrich in vitro ES cell cultures for a cell type of interest, but the application of these methods in combination with in vivo differentiation awaits future studies.
DEVELOPING TRANSPLANTATION THERAPIES
Diseases that result from the destruction and/or dysfunction of a limited number of cell types, such as diabetes mellitus, in which pancreatic islet cells have been selectively Odorico, Kaufman, Thomson destroyed, or Parkinson's disease, which results from the destruction of dopaminergic neurons within a particular region of the brain, could be treated by the transplantation of differentiated derivatives of ES cells. Studies in animal models show that transplantation of either pluripotent stem cell derivatives, or fetal cells, can successfully treat a variety of chronic diseases, such as, diabetes, Parkinson's disease, traumatic spinal cord injury, Purkinje cell degeneration, liver failure, heart failure, Duchenne's muscular dystrophy, and osteogenesis imperfecta [38, [57] [58] [59] [60] [61] [62] [63] [64] .
Although considerable progress in human transplantation medicine has been achieved in recent years, several major obstacles still restrict more widespread application of cellular transplantation in the routine treatment of these conditions. The chief obstacles that face this field are the need for massive doses of immunosuppressive drugs to prevent rejection of the transplanted tissue and the scarcity of organs from human cadaver donors. In light of these obstacles, a human ES cell-based strategy could permit the generation of an unlimited supply of cells or tissue from an abundant, renewable, and readily accessible source. Moreover, by virtue of their permissiveness for stable genetic modification, ES cells could be engineered to escape or inhibit host immune responses.
The first step toward successful development of a stem cell-based therapy for human diseases is to establish that human ES cells are capable of differentiating to a particular cell type of interest and to purify this lineage from the mixed population (Fig. 4) . Unfortunately, the heterogeneous nature of development in culture has hampered the use of ES cell derivatives in transplantation studies. Rarely have specific growth factors or culture conditions led to establishment of cultures containing a single cell type [43, 65] . In fact, human pluripotent cell lines retain a broad pattern of multilineage gene expression despite the addition of specific growth factors [43, 65] . Furthermore, there is significant culture-to-culture variability in the developments of a particular phenotype under identical growth factor conditions. Given the broad range of lineages to which ES cells commit, derivation of a relatively homogeneous cell population will ultimately depend on selection from a mixed population of cells. One approach might involve using a tissue-specific promoter to drive a selectable marker such as an antibiotic resistance gene [38, 53, 54 ]. An alternative approach could involve transduction of a gene construct containing a tissue-specific promoter/enhancer controlling expression of a green fluorescence protein gene [66] . In this way, cells activating a lineage differentiation program of interest could be selected by fluorescence-activated cell sorting in much the same way that CD34
+ hematopoietic stem cells are selected and sorted for stem cell transplantation. Both approaches would rely on the development of efficient gene transfer methodologies for human ES cells. A potential pitfall of these approaches is the concern for rejection of the transplanted cells which now express a foreign protein and the potential malignant transformation of genetically manipulated cells [67] . 
. Tissue derivatives of all three EG layers differentiated from human ES cells in vivo. Human ES cells injected into immunocompromised mice form benign teratomas. Present within these teratomas are advanced derivatives of ectoderm, such as A) neural epithelium (100×), of mesoderm, such as B) bone (100×), C) cartilage (40×), D) striated muscle (200×), and E) fetal glomeruli and renal tubules (100×; insert, 200×), and of endoderm, such as F) gut (40×). To some degree micro-architectural tissue relationships of complex organs can be reproduced in human ES cell teratomas. H1, H7C, H9, H13, and H14 cell lines, which produced the above teratomas, exhibit a similar range of differentiation. All photomicrographs are of hematoxylin-and eosin-stained sections.

A B C D E F
Second, it will be critical to test and demonstrate that the differentiated cellular derivatives function in a normal physiologic way; i.e., that pancreatic islet cells exhibit normal glucose-responsive insulin secretion. Prior studies have demonstrated that many differentiated cell types derived from murine ES cells in vitro (e.g., cardiomyocytes and dopaminergic neurons) display a terminally differentiated, physiologically mature phenotype and do exhibit normal physiologic functioning in vitro and in vivo [36, 38, 68] . However, differentiated ES cell cultures can contain multipotent progenitors as well as terminally differentiated cells [69] . Because many fetal or embryonic tissues and multipotent progenitor cells are functionally immature, one cannot assume that all ES cell progeny will subserve normal cellular physiologic functions.
A third major milestone on the road to clinical trials will be to demonstrate efficacy in rodent and large animal models of disease. Rhesus ES cells and the rhesus monkey provide an excellent preclinical model for developing ES cell-based transplantation therapies and for testing strategies to prevent immune rejection. Indeed, for Parkinson's disease and diabetes mellitus, good models are already available in the rhesus monkey [70, 71] . Achieving a therapeutic result will mandate integration of the transplanted cells into the host tissue in a functionally useful form. For example, replacing infarcted heart muscle or scar tissue with ES cellderived cardiomyocytes will require that new muscle cells integrate with the existing muscle, contract in a coordinated and mechanically useful manner, and develop a new blood supply. Although complex structural integration would be essential for some cell transplants (e.g., neurons and cardiomyocytes), normal functioning of other ES cell-derived transplants will be more independent of such complex tissue interactions (e.g., islet cells and hematopoietic cells).
Fourth, the possibility arises that transplantation of differentiated human ES cell derivatives into human recipients may result in the formation of ES cell-derived tumors. From in vivo differentiation studies, it is clear that if undifferentiated rhesus or human ES cells are not rejected after implantation into host recipient animals, then a benign teratoma can result [6, 7] . These tumors are not metastatic, and do not rapidly kill the host animals. Tumor growth in immunodeficient animals appears to be dependent on the presence of a stem cell population in undifferentiated cultures. Thus, as ES cells are allowed to fully differentiate into post-mitotic, terminally differentiated derivatives, they should deplete the undifferentiated stem cell pools, thereby reducing the probability of uncontrolled tumor growth. In fact, from a limited number of short-term studies, it appears that transplanting differentiated progeny derived from murine ES cells into adult rodents does not result in significant tumor formation [38, 53, 57, 72] . However, these studies were not specifically designed to address this question, and as such, they lack sufficient animal numbers and long-term surveillance to allow firm conclusions. If tumor formation does depend on persistence of a stem cell population, then one could design a transgenic methodology to eliminate residual minority stem cells from differentiated ES cell cultures, possibly based on negative selection of Oct 4-expressing cells. Use of a positive selection transgene to achieve lineage-directed differentiation would also reduce the risk of tumor formation by selecting against the remaining undifferentiated, proliferating stem cell population. Irrespective of the persistence of stem cells, the possibility for malignant transformation of the derivatives will also need to be addressed. Ultimately, as the potential for tumor growth is a major safety consideration, a fail-safe method to prevent tumor growth may need to be developed. Once devised, strategies could be tested in a preclinical rhesus monkey model, using rhesus ES cell-derived cells, prior to embarking on human clinical trials.
PREVENTING IMMUNOLOGIC REJECTION OF TRANSPLANTED CELLS
A fifth consideration is the prevention of immune-mediated rejection of the human ES cell-derived cellular graft (Figs One potential method for limiting the immune response is to decrease the immunogenicity of transplanted cells. Homologous recombination has been used to "knock-out" major histocompatibility complex (MHC) class I and class II molecules in mouse ES cells [74] . However, MHC class Iand class II-deficient skin grafts are still rejected, possibly on the basis of indirect allo-recognition-mediated rejection and/or natural killer cell-mediated destruction [74] . Thus, in addition to deleting foreign MHC genes, it might be necessary to "knock-in" the desired MHC genes, so that ES cellderivative transplants are seen as "self" by the prospective recipient [75, 76] . Alternatively, genes for immunosuppressive molecules such as Fas-ligand could be inserted into ES cells, or important immune-stimulating proteins, such as B7 antigens or CD40-ligand, could be deleted from ES cells [77, 78] . Irrespective of the method used, the ability to stably integrate genetic modifications into ES cells provides an advantage over using adult somatic cells, which are less reliably genetically altered.
Precisely how immunogenic is a cellular or tissue transplant from human ES cells? This may be a relevant question to ask as scientists attempt to engineer ES cells to reduce their immunogenicity. The immunogenicity of tissues is generally correlated with the MHC antigen expression profile and the relative abundance of antigen-presenting cells (e.g., dendritic cells) within the tissue. The MHC expression profile of human ES cell derivatives will depend on the degree of differentiation and/or the specific cell type derived. For example, adult somatic cells normally only express MHC class I antigens, whereas B cells, macrophages, and dendritic cells typically express both class I and class II antigens. Furthermore, whereas most adult organs and tissues harbor immunostimulatory dendritic cells and vascular endothelial cells, these normal tissue components would be expected to be absent from ES cell-derived cellular or tissue transplants. The specific removal of antigen-presenting cells from solid organ transplants generally increases graft survival [79, 80] . Consequently, some ES cell-derived tissues may be rather inert immunologically, while others, like hematopoietic stem cells, may be as immunogenic as normal adult tissues. Therefore, human ES cell-derived transplants may in some cases provide an inherent immunologic advantage compared to human cadaver tissue transplants.
Nuclear transfer technology may provide a more precise means to prevent rejection of transplanted cells (Fig. 5) . This technique would lead to ES cell-derived cells that are an exact genetic match to the recipient. In this way, there should be minimal host immune response since all nuclear genes, including major and minor histocompatibility loci, would be seen as "self." Here, a nucleus would be extracted from a normal somatic cell of a patient, say from a skin biopsy, and then injected into an enucleated oocyte. Oocyte cytoplasm has the ability to reprogram differentiated nuclei, and as such, would reestablish an embryonic gene expression program in the chromatin of the somatic cell nucleus. A blastocyst developing from this oocyte would be a source for the derivation of a new ES cell line, which would be genetically matched for each nuclear gene of the patient. In this setting, the potential immune-mediated destruction of the graft would be limited to minor antigen differences derived from mitochondrial genes or to autoimmune processes, such as diabetes. Extending nuclear transfer technology to achieve the fusion of an entire cell with an enucleated oocyte might eliminate some of the remaining genetic differences that would exist between ES cell derivatives of nuclear transferred embryos and the prospective patient. In fact, in cows and mice, investigators have successfully combined nuclear transfer technology and ES cell derivation to establish transgenic ES cell lines from reprogrammed somatic cell nuclei [81] . Clearly though, the generation of human embryos by nuclear reprogramming to create novel human ES cell lines would be exceptionally controversial. Furthermore, the poor availability of human oocytes, the low efficiency of the nuclear transfer procedure, and the long population-doubling time of human ES cells make it difficult to envision this becoming a routine clinical procedure even if ethical considerations were not a significant point of contention. By studying how oocyte cytoplasm mediates nuclear reprogramming in these animal models, it might be likely that nuclear reprogramming could be achieved by other methods, thereby obviating the need for human oocytes.
Establishing hematopoietic chimerism is another potential means of preventing rejection of transplanted cells (Fig.  5 ). There are now many patients who have undergone bone marrow transplantation and subsequently received a solid organ transplant (typically a kidney) from the same donor as the bone marrow [82, 83] . In these circumstances, no immunosuppression is required for the solid organ transplant because the recipient's lymphocytes are from the same donor and have rendered the recipient immunologically tolerant. However, success of a bone marrow or hematopoietic Odorico, Kaufman, Thomson 201 stem cell transplant has generally required highly toxic immunosuppression. More recently, strategies have been designed which are significantly less myelotoxic while still permitting engraftment of donor hematopoietic stem cells [84] . This relatively mild treatment can permit long-term engraftment and could potentially allow successful solid organ transplantation in humans without prolonged immunosuppressive therapy. By using the same ES cell lines to derive both hematopoietic stem cells and other lineages, it may be possible to initially achieve hematopoietic chimerism followed by engraftment of a second cell type. Based on the principles described above, a second lineage should not be rejected as it would be regarded as "self" by the chimeric patient's bone marrow and immune system, which were derived, in part, from the same ES cell line. No long-term treatment with potentially toxic drugs would then be required. Ultimately, the rhesus monkey model will be essential for testing these and other strategies to prevent immune rejection.
Human ES cells fulfill all of the criteria of pluripotent ES cells. They are capable of indefinite self-renewal and multilineage differentiation, both in vivo and in vitro. This dual property provides the rationale for developing human ES cells as a basis for therapeutic tissue replacement. Not only do transplantation therapies based on ES cell-derived tissues offer the potential of overcoming limited tissue supplies, but they also present the exciting possibility of being able to perform tissue transplants with minimal or no immunosuppression.
